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SUMMARY 


The  Sikorsky/UARL  Normal  Mode  Rotor  Aeroelastic  Analysis  (Computer  Program 
Y-200)  was  modified  to  provide  the  capability  of  predicting  the  gust-re- 
spcnse  characteristics  of  pure  and  compound,  single-rotor  helicopters,  in¬ 
cluding  the  effects  of  unsteady  aerodynamics  on  rotor  blade  stall.  The 
analysis  was  applied  to  examine  the  effects  of  rotor  configuration,  flight 
condition,  and  gust  profile  variables  on  rotor  response  characteristics. 

Only  the  short-term,  controls-fixed  response  was  investigated.  The  results 
were  used  to  assess  the  accuracy  of  the  gust-alleviation  factor  relation 
given  by  MIL-S-8698  (ARG)  and  USAAVLABS  Technical  Report  69-1  (Reference  2) 
and  to  provide  a  basis  for  developing  a  more  accurate  relation.  In  addition, 
the  impact  of  the  gust  on  other  quantities  of  interest  such  as  blade  vibra¬ 
tory  moments  and  forces  was  briefly  studied.  Finally,  en  assessment  of  the 
relative  importance  of  some  of  the  assumptions  in  the  analysis  was  also  made. 

The  results  generally  confirm  the  results  of  Reference  2,  indicating  that 
the  gust-alleviation  factors  given  by  MIL-S-8698  (ARG)  are  too  conservative 
and  can  lead  to  predicted  rotor  load  factors  that  can  be  as  much  as  three 
times  coo  large  at  high  blade  loadings.  The  inclusion  of  unsteady  aerody¬ 
namic  soall  effects  in  the  present  study  resulted  in  higher  initial  load 
factors  than  with  steady  aerodynamics;  however,  inclusion  of  other  analyti¬ 
cal  refinements  previously  believed  to  be  important  (such  as  fuselage  motion) 
may  not  be  necessary. 
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FOREWORD 


The  Sikorsky/UARL  Normal  Mode  Rotor  Aeroelastic  Analysis  (Computer  Program 
Y-200)  was  modified  to  provide  the  capability  of  predicting  the  gust-response 
characteristics  of  rotary-wing  aircraft,  including  the  effects  rf  unsteady 
aerodynamics  on  rotor  blade  stall.  The  work  was  sponsored  by  the  Eustis 
Directorate,  U.  S.  Army  Air  Mobility  Research  and  Development  Laboratory 
(USAAMRDL)  under  Contract  DAAJ02-71-C-002U,  Task  lFl6220l*AAU301. 

In  addition  to  the  author  of  this  report,  principal  Sikorsky  personnel  asso¬ 
ciated  with  the  project  were  Messrs.  P.  Arcidiacono,  R.  Carlson,  G.  Thomas, 
and  T.  Beddoes.  Mr.  W.  Alexander  was  the  technical  representative  for 
USAAMRDL. 
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INTRODUCTION 


Current  procedures  for  predicting  helicopter  gust-induced  loads  involve 
computing  rotor  loads  by  means  of  a  simplified  linear  theory  and  modifying 
these  loads  by  a  gust-alleviation  factor  defined  in  MIL-S-86Q8  (ARG) .  The 
alleviation  factor  is  shown  in  Figure  1  and  is  a  function  of  rotor  disc 
loading  alone.  Further,  no  alleviation  is  allowed  for  disc  loadings  greater 
than  6.0  -  a  value  exceeded  by  many  modern  helicopters.  Attempts  to  verify 
the  accuracy  of  this  approach  through  flight  test  have  been  complicated  by 
uncertainties  regarding  the  gust  profiles.  This  has  led  to  side-by-side 
flight  tests  of  fixed-  and  rotary-wing  aircraft  (Reference  l)  in  order  to 
build  a  semiempirical  bridge  between  the  relatively  straightforward  fixed- 
wing  stiuation  and  the  more  complex  situation  associated  with  rotary  wings. 
Limited  qualitative  results  on  aircraft  of  comparable  gross  weight  indicated 
that  the  helicopter  was  less  gust  sensitive  than  the  fixed-wing  aircraft, 
but  extensive  quantitative  data  from  this  type  of  test  are,  obviously,  ex¬ 
pensive  and  difficult  to  obtain.  Analytical  confirmation  of  the  MIL-S-8698 
(ARG)  gust-alleviation  factor  has  been  hampered  by  the  lack  of  an  analysis 
which  can  handle  both  the  transient  response  of  the  helicopter  and  the  aero- 
elastic  response  of  the  rotor  blades,  while,  simultaneously,  providing  a 
reasonably  complete  modeling  of  the  rotor  aerodynamic  environment.  An  im¬ 
proved  gust  response  analysis  (described  in  Reference  2)  has  indicated  that 
current  procedures  are  too  conservative.  The  primary  objectives  of  this  in¬ 
vestigation  were  (l)  to  develop  a  similar  analysis  based  on  the  rotor  aero- 
elastic  and  unsteady  stall  aerodynamic  techniques  developed  at  Sikorsky  Air¬ 
craft  and  the  United  Aircraft  Research  Laboratories  and  (2)  to  apply  the 
analysis  to  predict  rotor  gust-alleviation  factors  for  comparison  with  those 
given  in  MIL-S-8698  (ARG)  and  in  Reference  2.  The  resulting  analysis  was 
programmed  for  solution  on  a  digital  computer.  The  computer  program  and  its 
associated  users  manuals  (References  3  and  I4)  have  been  provided  to  the 
Sustis  Directorate.  Familiarity  with  the  program  and  its  documentation  will 
provide  additional  insight  into  the  results  presented  in  this  report. 


FACTORS  INFLUENCING  HELICOPTER  GUST  RESPONSE 
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The  computation  of  gust-induced  loads  for  helicopters  is  a  difficult  analy¬ 
tical  task  because  the  rotary-wing  lifting  system  is  a  complex  aeroelastic 
mechanism  operating  in  complicated  aerodynamic  environment.  Principal  fac¬ 
tors  which  cnn  be  expected  to  influence  the  gust  response  of  a  helicopter 
are  described  briefly  below. 

1.  Rotor  Blade  Response.  Helicopter  rotors  differ  from  fixed  wings 
in  that  the  blades  (wings)  of  the  rotor  are  relatively  flexible 
and  in  many  cases  are  articulated  relative  to  the  fuselage.  The 
blades,  therefore,  are  much  more  responsive  to  gust  loads  than 
is  the  aircraft  as  a  whole  and  react  in  such  a  way  as  to  reduce 
or  isolate  the  impact  of  the  gust  on  the  fuselage.  Any  factor 
influencing  the  flatwise  response  of  the  blade  is,  threfore,  po¬ 
tentially  important. 

2.  Fixed-Wing  Response.  If  the  helicopter  is  fitted  with  fixed  wings 
(compound  configuration),  additional  gust  loads  are,  of  course, 
generated.  These  can  be  treated  using  available  fixed-wing  tech¬ 
niques  and  are  not  of  primary  concern  in  this  study. 

3.  Rotor  Aerodynamic  Modeling.  The  ability  of  a  rotor  to  generate  a 
load  factor  during  a  gust  encounter  will  depend  on  the  proximity 
of  the  blade  trim  angle  of  attack  to  stall.  A  rotor  operating  on 
the  verge  of  stall  prior  to  a  gust  encounter  can  be  expected  to 
generate  less  additional  lift  due  to  the  gust  than  can  a  rotor 
initially  operating  further  away  frc m  stall.  The  modeling  of 
stall  aerodynamics  is  important;  therefore,  the  impact  of  unsteady 
aerodynamics  on  rotor  stall  was  investigated  in  this  study. 

4.  Gust  Characteristics.  Gust  profile  and  amplitude  are,  of  course, 
potentially  important  factors.  In  addition,  the  speed  of  the  hel¬ 
icopter  as  it  penetrates  a  given  gust  front  can  be  expected  to  be 
a  significant  factor. 

5.  Control  System  Inputs.  The  ultimate  effect  of  the  gust  on  the 
helicopter  must  be  influenced  by  any  reaction  of  the  pilot  or  sta¬ 
bility  augmentation  system  to  the  initial  loads  produced  by  the 
gust.  It  is  possible  that  the  largest  loads  produced  by  the  gust 
will  not  be  the  initial  loads  but  rather  those  associated  with 

the  longer  term  response  of  the  coupled  system  represented  by  the 
aircraft,  pilot,  and  stability  augmentation  system  (see  Figure  2). 
These  longer  term  effects  depend  on  the  specific  design  character¬ 
istics  of  the  aircraft  system  and  no  attempt  was  made  to  model 
them  in  the  present  study.  Hence,  the  gust-induced  loads  con¬ 
sidered  are  the  initial  loads  caused  by  the  gust  for  a  control- 
fixed  rotor  operating  condition. 


2^ 


2 


DESCRIPTION  OF  THE  ANALYSIS 


Complete  documentation  of  the  equations  used  in  the  analysis  is  given  in 
Reference  3,  while  procedures  for  running  the  associated  computer  program 
may  be  found  in  Reference  b. 

Briefly,  the  analysis  is  essentially  a  digital  flight  simulator  that  can  be 
used  to  determine  the  fully  coupled  rotor/airframe  response  of  a  helicopter 
in  free  flight.  This  is  accomplished  by  the  numerical  integration  of  the 
blade /airframe  equations  of  motion  on  a  digital  computer.  Efforts  have  been 
made  to  provide  a  modular  computer  program  so  that  various  facets  of  the 
analysis  may  be  easily  updated  as  more  refined  analytical  techniques  are  de¬ 
veloped.  The  principal  technical  assumptions  and  features  of  the  analysis 
are  listed  below. 

1.  The  blade  elastic  response  is  determined  using  a  modal  approach 

based  on  the  equations  defined  in  References  3,  5,  and  6. 

% 

2.  The  aerodynamic  modeling  of  the  blade  includes  unsteady  aerodynamic 
effects  based  on  the  equations  and  tabulations  defined  in  Reference 
6. 

3.  Provision  is  made  for  specifying  a  distribution  of  induced  veloci¬ 
ties  (inflow)  over  the  rotor  disc.  Such  distribution  for  steady 
level  flight  can  be  computed  from  analyses  available  in  the  lit¬ 
erature  (Reference  7).  Since  similar  analyses  for  transient 
flight  are  not  fully  developed,  rotor  induced  velocities  were  as¬ 
sumed  constant  in  this  investigation. 

U.  The  response  of  each  individual  blade  is  considered. 

5.  The  fuselage  is  a  rigid  (nonelastic)  body  having  six  degrees  of 
freedom.  Provisions  for  fixed  wings  are  included.  The  aerody¬ 
namic  forces  on  the  wings  are  computed  using  simple,  finite-span 
wing  theory,  neglecting  stall  and  unsteady  effects.  Alternative¬ 
ly,  the  wings  can  be  included  with  the  fuselage  aerodynamics  and 
handled  as  described  in  assumption  6. 

6.  Fuselage  aerodynamic  forces  and  moments  are  determined  using 
steady,  nonlinear,  empirical  data  loaded  into  the  computer  program 
via  punched  cards . 
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jLMPLE  LINEAR  GUS™  THEORY 


As  stated  earlier,  it  was  desired  to  cast  the  results  obtained  in  this  in¬ 
vestigation  in  terms  of  correction  factors  (gust-alleviation  factors)  that 
could  be  applied  to  results  obtained  from  a  simple  theory.  If  reasonably 
consistent  factors  of  this  type  coula  be  evolved,  the  need  for  running  an 
expensive  computer  program  might  be  eliminate,  in  design  analysis  and  a 
simple  specification  eventually  evolved. 

The  simple  theory  used  is  that  defined  in  Reference  8,  in  which  blade  stall 
and  compressibility  effects  are  neglected.  In  addition,  it  is  assumed  here 
that  the  gust  is  sharp-edged  and  is  instantaneously  applied  to  the  entire 
rotor.  The  increment  in  rotor  load  factor  produced  by  the  gust  is  then 
given  by  Equation  (l). 
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The  ratio  of  the  Anr  computed  by  the  more  complete  computerized  analysis  de¬ 
veloped  under  this  contract  to  the  value  given  by  Equation  (3)  represents  a 
gust-alleviation  factor  which  can  be  used  to  correct  the  load  factor  results 
given  by  Equation  (3).  Thus: 
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Hopefully,  if  Ag  shows  reasonably  consistent  trends,  it  can  bt  used  with 
some  confidence  to  predict  rotor  load  factors  for  combinations  of  parameters 
other  than  those  considered  in  this  study. 


SCOPE  OF  STUDY 


The  primary  function  of  the  previously  described  analysis  is  the  determina¬ 
tion  of  the  helicopter  gust  response  induced  by  changes  in  flight  conditions 
and  blade  physical  properties.  Nineteen  data  points  {given  in  Table  I)  were 
run  as  defined  in  Phase  II  of  this  contract. 

Gust-load  factors,  blade  bending  moments,  vibratory  hub  loads,  and  rotor  con¬ 
trol  loads  were  calculated  for  a  range  of  values  for  Cz/o,  Lock  number,  ad¬ 
vance  ratio,  and  blade  flatwise  and  torsional  stiffness.  The  effect  of  com¬ 
pounding  (addition  of  a  wing)  was  also  investigated.  The  responses  associ¬ 
ated  with  three  types  of  vertical  gusts  were  investigated:  sine-squared, 
ramp,  and  sharp-edged.  The  sine-squared  gust  and  the  ramp  gust  reached  a 
maximum  value  of  50  feet  per  second  at  a  penetration  distance  of  90  feet. 

The  gust  profiles  are  displayed  in  Figure  3.  Three  types  of  rotor  systems 
were  evaluated:  articulated,  nonarticulated  (hingeless),  and  gimbaled. 

The  basic  rotor  configuration  can  be  found  in  Table  II.  The  rotor  blade 
physical  properties  are  also  given  in  Table  II.  It  may  be  seen  from  this 
table  that  the  nonarticulated  blade  has  the  same  physical  properties  as 
the  articulated  blade,  except  for  the  first  two  inboard  segments,  and  the 
gimbaled  blade  is  simply  two  connected  nonarticulated  blades.  The  segment 
mass  of  the  articulated  blade  was  adjusted  to  obtain  a  Lock  number  of  seven. 
Other  Lock  numbers  were  obtained  by  linearly  scaling  the  weight  of  each  seg¬ 
ment.  In  designing  the  nonarticulated  blade,  the  total  blade  weight  asso¬ 
ciated  with  a  particular  Lock  number  was  held  constant  by  adjusting  the 
weight  of  the  two  inboard  segments .  The  torsional  inertia  was  assumed  con¬ 
stant  for  all  Lock  numbers  in  order  to  maintain  the  same  torsional  frequen¬ 
cies,  since  any  change  in  these  frequencies  would  induce  an  undesired  second¬ 
ary  response.  The  natural  frequencies  of  each  of  the  blades  are  given  in 
Table  III. 

The  number  of  modes  used  varied  with  the  rotor  system  and  advance  ratio. 

For  the  articulated  rotor,  three  flatwise,  two  chordwise,  and  one  torsional 
mode  were  used.  A  chordwise-torsional  coupling  instability  was  experienced 
for  many  of  the  0.5  advance  ratio  nonarticulated  and  gimbaled  points.  Sev¬ 
eral  check  cases  were  run  at  stable  conditions  with  and  without  the  torsion¬ 
al  degree  of  freedom.  Analysis  of  these  data  indicated  that  only  minor  ef¬ 
fects  on  the  rotor  load  factor  resulted  from  the  suppression  of  the  torsion¬ 
al  degree  of  freedom.  For  this  reason  torsion  was  omitted  from  the  0.5  ad¬ 
vance  ratio  nonarticulated  cases  and  all  of  the  gimbaled  cases. 

Because  of  the  sensitivity  of  the  rotor  load  factor  to  Cz/o,  the  tolerance 
of  the  Z  force  was  held  to  one  percent.  This  was  normally  accomplished  in 
three  to  four  iterations.  The  number  of  rotor  revolutions  necessary  to  es¬ 
tablish  maximum  helicopter  and  rotor  responses  during  gust  penetration 
varied  from  two  for  the  high-speed  cases  to  four  for  the  .low-speed  conditions. 

All  fuselage  and  rotor  blade  physical  and  aerodynamic  properties  used  in 
this  study  have  been  provided  to  USAAMRDL  as  part  of  the  computer  check 
case.  However,  for  convenience,  the  most  common  fuselage  physical  proper¬ 
ties  used  are  given  in  Table  IV.  The  fuselage  physical  and  aerodynamic  prop¬ 
erties  were  constant  for  all  cases. 
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ANALYSIS  OF  RESULTS 


EFFECT  OF  GUST  PROFILE 


Effect  on  Incremental  Rotor  Vertical  Force 


The  effect  of  gust  profile  on  incremental  rotor  vertical  force  was  evaluated 
by  the  penetration  of  three  gusts  with  profiles  as  shown  in  Figure  3.  The 
helicopter  was  assumed  to  penetrate  a  stationary  gust  with  a  velocity  of  350 
feet  per  second.  This  corresponds  to  an  advance  ratio  of  0.5.  An  articu¬ 
lated  rotor  was  used. 

The  first  gust  evaluated  had  a  sine-squared  profile  reaching  a  maximum  velo¬ 
city  of  50  feet  per  second  at  a  penetration  distance  of  90  feet.  The  gust 
velocity  then  decreased  as  the  sine  squared  until  a  penetration  distance  of 
180  feet  was  attained.  At  this  time  the  gust  velocity  was  zero  and  remained 
zero  for  all  penetration  distances  greater  than  180  feet.  The  second  gust 
wave  form  was  ramp  shaped,  with  gust  velocity  increasing  linearly  with  pene¬ 
tration  distance  from  zero  at  zero  distance  to  a  maximum  value  of  50  feet 
per  second  at  a  penetration  distance  of  90  feet.  The  gust  velocity  remained 
at  50  feet  per  second  for  penetration  distances  greater  than  90  feet.  The 
third  gust  evaluated  was  sharp-edged;  the  value  of  the  gust  was  assumed  to 
be  50  feet  per  second,  independent  of  penetration  distance. 

The  time  histories  of  the  rotor  Z  force  produced  by  each  gust  profile  are 
shown  in  Figure  5.  Of  the  loads  induced  by  the  three  gust  profiles  con¬ 
sidered,  the  load  produced  by  the  sharp-edged  gust  builds  up  most  rapidly 
and  reaches  the  greatest  peak  value.  The  sine-squared  and  ramp  gusts  re¬ 
sult  in  similar  peak  loads  at  approximately  the  same  time .  As  the  penetra¬ 
tion  distance  increases,  however,  the  loads  produced  by  the  sharp-edged 
gust  and  the  ramp  gust  tend  to  merge  since  their  respective  terminal  veloci¬ 
ties  are  both  50  feet  per  second,  while  the  value  of  the  sine-squared  gust 
velocity  drops  back  toward  zero. 

Analysis  of  the  computed  results  forming  the  basis  for  Figure  L  indi¬ 
cates  that  the  maximum  rotor  vertical  force  and  load  factor  is  reached  be¬ 
fore  the  helicopter  fuselage  has  had  time  to  develop  any  significant  gust- 
induced  motion.  The  vertical  velocities  of  the  helicopter  associated  with 
the  sine-squared,  ramp,  and  sharp-edged  gusts  are  6  feet  per  second,  6  feet 
per  second,  and  3  feet  per  second,  respectively.  These  fuselage  velocities 
act  to  reduce  the  relative  vertical  velocity  between  the  aircraft  and  the 
gust.  The  fact  that  they  are  relatively  small  compared  to  the  peak  gust 
velocity  of  50  feet  per  second  at  the  time  of  maximum  load  implies  that 
there  is  little  gust  alleviation  being  produced  by  the  fuselage  motion. 

Effect;  on  Fuselage  Vertical  Force 

A  comparison  of  the  fuselage  aerodynamic  force  resulting  from  encounters 
with  the  three  gust  profiles  as  previously  defined  is  shown  in  Figure  L. 

Very  little  difference  between  the  ramp  gust  and  the  sine-squared  gust  is 
noted  until  the  maximum  gust  velocity  has  been  reached.  At  this  time,  as 
expected,  the  force  generated  by  the  sine-squared  gust  begins  to  drop  toward 
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zero  while  the  force  generated  by  the  now  constant  ramp  gust  drops  off  slow¬ 
ly  as  the  gust  is  alleviated  by  the  induced  helicopter  vertical  velocity. 

The  sharp-edged  gust  causes  two  sudden  jumps  in  force,  the  first  when  the 
gust  reaches  the  helicopter  center  of  gravity  and  the  second  when  it  reaches 
the  horizontal  tail.  These  discontinuities  are  the  result  of  the  assumption 
that  fuselage  and  tail  forces  are  defined  by  steady  aerodynamics  and  that 
the  angles  of  attack  used  to  compute  these  forces  are  those  defined  by  the 
value  of  the  instantaneous  gust  velocity  at  the  fuselage  c.g.  and  tail  re¬ 
spectively.  The  fuselage  forces  are  small  relative  to  the  rotor  forces  so 
that  these  assumptions  are  not  critical.  Thus,  the  rotor  is  the  predominant 
element  in  producing  helicopter  load  factor.  It  is  also  the  lifting  element 
whose  gust  characteristics  are  least  amenable  to  current  analyses.  The  re¬ 
mainder  to  this  report  will,  therefore,  be  cuncerned  with  the  forces  gener¬ 
ated  by  the  rotor. 

Effect  on  Helicopter  Vertical  Force 

The  effect  of  gust  profile  on  total  helicopter  response  is  shown  in  Figure 
5.  As  expected,  the  incremental  vertical  force  is  approximately  equal  to 
the  sum  of  the  rotor  and  fuselage  incremental  forces.  This  is  not  the  ex¬ 
act  algebraic  sum  because  of  the  effect  of  inertia  forces  due  to  helicopter 
acceleration  plus  the  fact  that  the  total  force  has  been  resolved  from  the 
body  axis  system  into  the  inertial  axis  system.  As  anticipated,  the  time 
histories  of  the  helicopter  and  the  rotor  forces  are  quite  similar. 

Effect  on  Blade  Bending  Moment 

The  effect  of  gust  profile  on  blade  bending  moment  is  gentrally  the  same  as 
the  effect  on  vertical  forces.  The  results  shown  in  Figure  6  indicate  this 
to  be  the  case.  The  sharp-edged  gust  excites  a  higher  vibratory  bending  mo¬ 
ment  with  less  gust  penetration.  The  sine-squared  gust  bending  response 
begins  to  reapproach  its  steady-state  oscillation,  while  the  time  histories 
of  the  bending  moments  associated  with  the  sharp-edged  and  ramp  gusts  tend 
to  merge  with  larger  vibratory  values  than  that  for  the  steady-state  condi¬ 
tion.  The  bending  moments  displayed  in  Figure  6  are  those  calculated  at 
0.6  radius.  This  station  is  the  radial  position  of  the  maximum  vibratory 
moment  in  steady  flight. 

Effect  on  Torsional  Root  Bending  Moment 

The  azimuthal  variation  of  root  torsion^]  moment  during  gust  penetration 
for  the  three  types  of  gusts  previously  described  is  shown  in  Figure  7.  The 
comments  made  in  describing  the  flatwise  bending  moment  hold  here  except  for 
a  note  of  the  excitation  by  the  sharp-edged  gust  of  the  first  torsional  na¬ 
tural  frequency  during  the  first  rotor  revolution.  This  is  due  to  stall 
flutter  of  the  retreating  blade  produced  by  high  angles  of  attack.  The  an¬ 
gle  of  attack  at  the  75%>  radial  station  reaches  37  degrees  as  shown  in 
Figure  8, well  beyond  stall.  This  plot  shows  the  angle  of  attack  for  each 
of  the  four  blades  at  270  deg  azimuth  angle.  Similar’  excitation  of  the  tor¬ 
sional  response  is  delayed  until  the  second  rotor  revolution  in  the  case  of 
the  sine-squared  and  ramp  gusts.  It  should  be  noted  that  the  control  load 
is  directly  proportional  to  this  moment. 
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General  Discussion  of  the  Effect  of  Gust  Pro file 


The  three  types  of  gust  forms  evaluated  did  not  produce  greatly  different 
peak  rotor  loads.  Vhile  the  sharp-edged  gust  did  consistently  excite  some¬ 
what  larger  maximum  responses,  it  is  probably  the  least  realistic  of  the 
three  profiles.  Since  other  studies,  such  as  Reference  2,  have  been  done 
using  a  sine-squared  gust,  this  shape  was  chosen  fcr  use  during  the  rest  cf 
this  study. 

EFFECT  OF  ROTOR  AND  FLIGHT  CONDITION  VARIABLES 


Effect  of  Rotor  Loading  and  Rotor  Type  on  Gust-Alleviation  Factor 

The  variation  of  the  gust-alleviation  factor  (as  computed  from  Equation  (1)) 
with  initicl  rotor  loading  is  shown  in  Figure  Q  for  the  three  tyoes  of  rotor 
analyzed.  Rotor  loading  in  this  figure  has  been  expressed  in  terras  of  both 
rotor  thrust  coefficient/solidity  ratio  and  rotor  disc  loading.  It  should 
be  noted  that  disc  loading  is  not  a  unique  function  of  C^/d  but  rather  de¬ 
pends  on  the  value  of  density,  tip  speed,  and  solidity  of  the  rotor.  Values 
for  these  quantities  are  noted  on  the  figure. 

The  results  cf  Figure  9  indicate  that  increasing  C" / ~  leads  to  a  large  re¬ 
duction  of  the  gust-alleviation  factor.  This  is  similar  to  the  trend  noted 
in  Reference  2  and  is  believed  to  b<^  related  to  the  loss  in  average  addi¬ 
tional  lift  capability  at  the  higher  C^/o's  due  to  the  occurrence  of  stall. 
The  impact  of  rotor  configuration  is  seen  to  be  of  rather  secondary  impor¬ 
tance.  Rotor  configuration  would  be  expected  to  influence  fuselage  motion 
through  the  transmittal  of  differing  rotor  pitching  moments  to  the  airframe, 
depending  on  the  degree  of  rotor  articulation.  The  relative  insensitivity 
of  the  results  is  believed  *o  be  due  to  the  short  time  required  fcr  the  in¬ 
itial,  controls-fixeu  load  factor  to  be  generated.  As  a  result,  the  fuse¬ 
lage  response  to  the  differing  moments  is  not  large  and  the  load  factor 
tends  to  be  dominated  by  the  rotor  dynamic  response,  which  is  roughly  the 
same  for  all  rotors.  This  result  is  also  similar  to  that  observed  in  Ref¬ 
erence  2. 

Effect  of  Advance  Ratio  and  Lock  Number  on  Gust-Alleviation  Factor 


The  effect  of  advance  ratio  and  Lock  number  on  the  gust-alleviation  factor 
may  be  seen  in  Figure  1C.  The  effects  of  either  parameter  are  relatively 
small.  The  most  consistent  trend  is  with  blade  Lock  number,  where  addition¬ 
al  gust  alleviation  is  noted  (lower  Arj)  as  Lock  number  is  increased.  This 
alleviation  is  tne  result  of  the  lower  inertia  of  tne  higher  Lock  number 
blades  which  permits  a  more  rapid  response  of  the  blade  to  gust-induced 
loads.  This  response  reduces  the  blade  angle  of  attack  and,  hence,  the 
rotor  incremental  lift  due  to  the  gust. 


Effect  of  Compounding  on  Gust-Alleviation  Factor 


The  effect  of  compounding  was 
lift  to  10  percent  of  airc 
rotor  resulted  in  a  greater  in 


evaluated  bv  adding  wings  and  reducing  rotor 
raft  gross  weight.  This  unloading  of  the 
cremental  rotor  vertical  force  since  the  rotor 
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was  operating  further  from  stall.  The  effect  of  compounding  may  be  seen  in 
Figure  11.  Both  the  pure  helicopter  and  the  helicopter  with  wing  added  had 
equal  gross  weights.  Therefore,  the  rotor  disc  loading  was  lower  for  the 
compound  aircraft.  As  shown  in  Figure  9,  the  gust-alleviation  factor  is 
larger  for  lower  disc  loadings,  or  the  rotor  is  further  from  stall  for  low¬ 
er  loadings.  It  is  this  effect  that  explains  the  somewhat  higher  gust-alle¬ 
viation  factors  for  the  compound  aircraft. 

Effect  of  Reduced  Blade  Stiffness  on  Gust-Alleviation  Factor 

No  significant  effects  of  the  gust-alleviation  factor  were  noted  when  50 
percent  reductions  in  either  flatwise  or  torsional  stiffness  were  made.  The 
primary  blade  response  influencing  the  rotor  load  factor  is  the  b  ade  flat¬ 
wise  response  (either  flapping  or  bending).  Since  we  are  dealing  with  blades 
whose  flatwise  response  is  dominated  by  the  centrifugal  stiffness,  it  is  not 
surprising  that  reductions  in  stiffness  have  little  effect  on  the  blade's 
dynamic  response  and,  hence,  on  gust  alleviation.  This  fact  is  borne  out 
by  Figures  12  and  13,  which  indicate  small  variations  in  gust-alleviation 
factor  as  the  flatwise  and  torsional  stiffnesses  are  reduced. 

Effect  of  Advance  Ratio  and  Lock  Humber  on  Flatwise  Stress 

The  effects  of  the  gust  on  blade  flatwise  vibratory  stress  were  examined  for 
several  orabinations  of  advance  ratio  and  Lock  number.  The  results  are  pre¬ 
sented  in  Figure  lE  in  terms  of  the  ratio  of  the  maximum  vibratory  stress 
produced  by  tne  gust  to  the  vibratory  stress  for  the  trim  or  steady-state 
operav’rig  condition.  The  stresses  were  evaluated  at  the  critical  radial 
stations:  at  0.6R  for  the  articulated  rotor  and  at  the  blade  root  for  the 
nonarticulated  and  hingeless  rotors.  This  method  of  presentation  was  chosen 
because  of  the  large  variations  in  trim  stresses  that  can  exist  between  dif¬ 
ferent  designs.  It  is  of  interest,  however,  to  determine  whether  a  gust 
encounter  causes  the  stresses  to  increase  by  a  factor  (i.e.,  stress  ratio) 
which  is  relatively  similar  for  all  rotors,  and  to  determine  the  degree  to 
which  the  factor  varies  with  flight  condition  or  other  rotor  parameters. 

The  results  of  Figure  lit  indicate  little  variation  in  stress  ratio  with 
either  Lock  number  or  advance  ratio.  Further,  the  maximum  vibratory  flat¬ 
wise  stress  during  the  gust  encounter  may  be  expected  to  be  about  two  to 
four  times  the  steady-state  values,  depending  on  the  type  of  rotor  config¬ 
uration.  This  contrasts  with  the  results  of  Figure  10  where  little  differ¬ 
ence  in  gust-alleviation  factor  was  noted  for  the  different  configurations. 

A  detailed  investigation  of  the  reasons  for  the  observed  trends  in  stress 
was  beyond  the  scope  of  this  study. 

It  should  also  be  noted  that  the  ratios  shown  in  Figure  lU  are  not  complete¬ 
ly  general  since  they  are  undoubtedly  functions  of  the  gust  velocity.  Ref¬ 
erence  9  indicates  that  the  vibratory  stress  is  approximately  linearly  re¬ 
lated  to  inflow  ratio  if  large  amounts  of  stall  are  not  present.  Thus,  di¬ 
viding  the  results  of  Figure  lE  by  the  gust  velocity  may  serve  to  produce  a 
more  generally  applicable  result.  Further  investigation  is  required  to  sub¬ 
stantiate  this  hypothesis. 
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Effect  of  Advance  Ratio  and  Lock  Number  on  Pushrod  Load 


The  effects  of  the  gust  on  vibratory  pushrod  load  for  the  articulated  rotor 
are  presented  in  Figure  15.  Pushrod  loads  were  not  obtained  for  the  non- 
articulated  and  gimbaled  rotors  since  a  chordwise-torsional  coupling  insta¬ 
bility  was  experienced  for  many  of  the  0.5  advance  ratio  conditions  when 
the  torsional  mode  was  included  for  these  configurations.  Pushrod  load  is 
calculated  by  dividing  the  torsional  moment  at  the  blade  root  by  the  dis¬ 
tance  between  the  pitch  axis  and  the  pushrod  attachment  point.  As  with 
flatwise  stress  in  the  preceding  section,  an  attempt  has  been  made  to  gen¬ 
eralize  the  results  to  some  degree  by  nondimensionalizing  by  the  vibratory 
pushrod  load  for  the  initial  trim  condition.  The  results  of  Figure  15  in¬ 
dicate  large  variations  in  pv.shrod  load  ratio.  The  ratio  is  lower  at  the 
0.5  advance  ratio  because  of  the  larger  vibratory  pushrod  loads  associated 
with  the  trim  conditions.  The  results  correspond  to  a  specific  gust  ampli¬ 
tude.  Unlike  flatwise  stress,  however,  the  pushrod  loads  are  less  likely 
to  be  linear  functions  of  gust  velocity  but,  rather,  will  probably  be  more 
related  to  the  degree  of  stall  present.  Thus,  the  lower  pushrod  load  ratio 
observed  for  the  0.5  advance  ratio  was  due  primarily  to  the  higher  vibratory 
loads  present  in  the  initial  trim  conditions.  At  the  0.3  advance  ratio  the 
y  =  7  curve  falls  below  the  y  =  10  curve.  It  was  not  apparent  from  examin¬ 
ing  the  output  of  these  two  cases  why  the  crossover  occurred.  Additional 
printout  would  probably  be  needed  to  determine  the  reason.  Further  work  is 
required  to  define  all  important  parameters  and  to  produce  more  generally 
applicable  results. 

Effect  of  Advance  Ratio  and  Lock  Number  on  Rotor  Vibratory  Force 

The  effect  of  the  gust  on  rotor  vibrations  was  briefly  examined.  Only  the 
vertical  force  was  considered.  The  results  are  presented  in  Figure  16  in 
terms  of  a  vibratory  force  ratio.  This  ratio  was  obtained  by  dividing  the 
maximum  four-cycle-per-revolution  component  of  the  rotor  Z  force  during 
gust  penetration  by  the  steady-state  four-cycle-per-revolution  value.  Al¬ 
though  in  some  flight  conditions  other  frequencies  were  noted,  the  four¬ 
cycle  component  was  by  far  the  largest  (as  would  be  expected  for  rotors 
having  four  blades).  For  this  reason  it  will  be  the  only  frequency  discussed. 
Examination  of  this  figure  indicates  little  or  no  change  in  vibratory  force 
ratio  with  Lock  number  for  the  0.5  advance  ratio  condition.  However,  a 
wide  variation  may  be  seen  for  the  0.3  advance  ratio.  The  primary  reason 
for  the  difference  in  the  vibratory  force  ratio  associated  with  the  two  ad¬ 
vance  ratios  is  the  small  amount  of  steady  flight  vibration  at  the  low  ad¬ 
vance  ratio.  The  same  comments  made  in  the  last  section  regarding  the  gen¬ 
erality  of  the  control  load  ratios  also  apply  here.  It  should  also  be  noted 
that  the  results  presented  are  based  on  the  assumption  of  constant  rotor  in¬ 
flow.  In  reality,  the  induced  velocity  along  each  blade  varies  both  with 
radius  and  with  time.  Such  variations  could  significantly  impact  vibration 
levels;  however,  their  introduction  was  beyond  the  scope  of  this  study. 

SENSITIVITY  OF  RESULTS  TO  ASSUMPTIONS 


As  discussed  in  an  earlier  section  of  this  report,  many  factors  could  poten¬ 
tially  influence  rotor  gust-response  characteristics.  To  account  for  all  of 
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these  factors  leads  to  a  time-consuming,  complex,  digital  analysis.  In  the 
following  paragraphs,  the  results  of  a  brief  examination  of  the  importance 
of  some  of  these  factors  are  discussed.  Only  the  articulated  rotor  at  one 
operating  condition  is  evaluated.  Any  conclusions  drawn  from  these  results 
must,  therefore,  be  considered  preliminary  and  should  be  substantiated  by 
further  investigation. 

Fuselage  Motion 

The  analysis  includes  the  effects  of  fuselage  motion  on  the  rotor  blade 
aerodynamic  and  dynamic  forces.  Figure  1?  shows  rotor  vertical  force  time 
histories  predicted  with  and  without  the  effects  of  fuselage  motion.  It 
may  be  seen  from  this  figure  that  the  effect  of  the  fuselage  motion  has  a 
negligible  effect  on  the  rotor  vertical  force.  This  might  be  expected  in 
view  of  the  short  elapsed  time  required  for  the  maximum  load  factor  to  be 
generated,  ,'s  noted  earlier,  the  vertical  velocity  of  the  fuselage  is  about 
6  feet  per  second  at  the  time  of  peak  rotor  load.  This  reduces  the  relative 
vertical  gust  velocity  by  only  about  10%. 

Unsteady  Aerodynamics 

The  effect  of  unsteady  aerodynamics  may  be  seen  in  Figure  18.  Examination 
of  this  figure  indicates  a  fairly  significant  (approximately  25$)  increase 
in  incremental  vertical  force  when  unsteady  aerodynamics  are  used.  This  in¬ 
crease  is  consistent  with  the  results  presented  in  Reference  10,  where  it 
is  shown  that  unsteady  hysteresis  effects  lead  to  a  greater  lift  capability 
of  the  rotor.  The  net  result  is  the  prediction  of  a  more  gust  sensitive 
rotor  when  unsteady  aerodynamics  are  employed. 

This  result  is  in  apparent  contradiction  to  that  in  Reference  2  where  the 
effect  of  "unsteady  aerodynamics"  was  found  to  be  small  for  the  sine-squared 
gust.  The  reason  for  this  is  that  the  unsteady  aerodynamic  effects  referred 
to  in  the  investigation  reported  herein  relate  to  a  stall  hysteresis  effect 
which  enhances  maximum  blade  lift  capability.  In  Reference  2,  such  unsteady 
stall  effects  have  been  neglected  and  only  approximations  to  potential  flow 
unsteady  aerodynamic  effects  were  considered. 

Torsional  Degree  of  Freedom 

Because  of  the  difficulty  with  the  chordwise-torsional  coupling  instability 
previously  mentioned  (see  Scope  of  Study  section),  the  nonarticulated 
rotor  cases  with  0.5  advance  ratio  were  run  without  the  torsional  degree  of 
freedom  and  with  a  single  chordwise  mode.  The  effect  of  these  changes  for 
the  flight  condition  previously  defined  are  shown  in  Figure  19.  This  figure 
indicates  an  increase  in  incremental  rotor  vertical  force  when  blade  tor¬ 
sional  deflections  are  included.  Based  on  these  results,  the  gust  allevia¬ 
tion  factors  computed  for  the  nonarticulated  and  gimbaled  rotors  at  an  ad¬ 
vance  ratio  of  0.5  are  probably  somewhat  higher  than  those  presented.  How¬ 
ever,  this  does  not  alter  the  conclusions  reached  in  this  investigation. 
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Gust  Penetration 


The  greatest  single  reason  for  lengthy  computer  runs  associated  with  gust 
penetration  is  the  necessity  for  computing  response  time  histories  for  each 
individual  blade.  A  calculation  was  performed  using  a  sudden,  sharp-edged 
gust  affecting  the  entire  rotor  simultaneously.  The  resulting  vertical 
force  calculation  indicated  a  maximum  rotor  load  factor  about  equal  to  that 
predicted  by  linear  theory.  This  gives  rise  to  the  speculation  that  a  time- 
variant,  sudden  gust  might  be  a  simple  and  economical  way  to  predict  load 
factors,  since  gust  penetration  and  individual  blade  calculation  would  not 
be  necessary.  It  should  be  noted,  however,  that  this  would  only  be  appli¬ 
cable  to  gusts  with  finite  time  slope  profiles.  Further  study  along  these 
lines  appears  to  be  worthwhile. 

COMPARISON  OF  METHODS 


Typical  rotor  load  factors  predicted  by  three  methods  are  shown  in  Figure 
20.  The  method  used  in  calculating  the  curve  defined  by  MIL-S-8698  (ARG) 
employs  linear  aerodynamic  theory  in  the  calculation  of  incremental  Z  force 
and  assumes  that  the  gust  is  both  constant  with  time  and  affects  the  entire 
disc  instantaneously.  This  is  a  simple  and  convenient  way  of  calculating 
load  factor.  However,  as  previously  discussed,  this  method  does  not  take 
into  account  the  gust  profile,  finite  time  penetration  of  the  gust,  and 
rotor  stall  effects.  These  facts  have,  to  some  extent,  been  recognized 
and  the  adoption  of  a  gust-alleviation  factor  for  helicopters  with  disc 
loadings  up  to  6  pounds  per  square  foot  is  permitted.  This  factor  has  been 
shown  in  Figure  1.  If  the  curve  labeled  MIL-S-8698  (ARG)  in  Figure  20  is 
compared  to  the  curve  calculated  by  the  analysis  developed  for  this  study 
(which  includes  all  of  the  previously  mentioned  effects),  it  is  immediately 
obvious  that  the  MIL-S-8698  (ARG)  is  unduly  severe.  A  relation  based  on 
steady  stall  aerodynamic  results  proposed  by  the  Bell  Helicopter  Company 
(Reference  2)  is  also  shown  in  this  figure.  It  may  be  seen  that  this  rela¬ 
tion  yields  lower  values  of  rotor  load  factor  at  the  low  values  of  Cz/o. 

The  reason  for  this  cannot  be  defined  precisely  at  this  time.  It  may  be 
related  to  the  use  of  steady  stall  aerodynamics.  The  circle  shown  in 
Figure  20  represents  results  obtained  from  the  present  analysis  when  steady 
stall  aerodynamics  are  used.  The  agreement  between  this  point  and  the  Bell 
steady  aerodynamic  results  is  good. 

The  results  of  Figure  20  imply  that  the  gust-alleviation  factor  allowed  by 
the  MIL-S-8698  (ARG)  is  too  high  (i.e.,  too  little  alleviation).  This  is 
substantiated  in  the  summary  plots  presented  in  Figure  21,  where  gust-alle¬ 
viation  factors  computed  by  the  Normal  Modes  Analysis  developed  in  this  study 
are  compared  with  those  of  the  MIL-S-8698  (ARG)  for  three  types  of  rotor 
systems.  The  conservatism  of  the  MIL-S-8698  (ARG)  is  particularly  evident 
at  the  high  thrust  coefficients  where  rotor  stall  becomes  a  factor  limiting 
the  thrust  generating  capability.  The  normal  modes  gust-alleviation  factor 
shown  in  Figure  21  was  calculated  at  u  =  .3  and  y  =  10,  except  for  the 
Cz/o  =  .01+  condition  (where  the  u  was  0.5).  At  a  Cz/o  =  0.06,  the  variation 
in  gust-alleviation  factor  due  to  blade  Lock  number  and  stiffness  changes 
is  shown.  The  range  is  relatively  small,  and  as  may  be  seen  from  Figures 
10  and  12,  Lock  number  is  the  primary  cause  of  the  variation;  and  the  higher 
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Lock  numbers  are  associated  with  the  lovre.  gust-alleviation  factors.  The 
variations  shown  at  Cz/c  =  0.06  are  believed  tc  be  representative  of  those 
at  other  Cg/o  values;  however,  further  study  is  required  to  verify  this  con¬ 
tention. 


13 


I 


•*-*>~*«*.M 


1-^1  »tt-q  — - "1BCTJ t  "»■"  ST**  'T'-TT'  > 


CONCLUSIONS 


The  following  conclusions  were  reached  as  a  result  of  this  study.  It  should 
be  noted  that  these  are  based  on  the  computation  of  rotor  gust-alleviation 
factors  associated  with  the  Initial  peak  load  factors  produced  by  various 
rotor  systems  mounted  on  a  single  fuselage  and  operating  with  the  controls 
fixed  throughout  the  gust  encounters. 

1.  The  results  of  this  study  generally  confirm  those  of  Reference  2,  in¬ 
dicating  that  the  current  method  for  computing  gust-alleviation  factors 
for  helicopter  rotors  (MIL-S-8698  (ARG))  results  in  unrealistically 
high  values  and  should  be  revised. 

2.  If  the  gust  amplitude  is  sufficient  to  cause  retreating  ble.de  angles  of 
attack  greater  than  the  two-dimensional,  steady-state  stall  angle,  the 
inclusion  of  unsteady  aerodynamic  effects  based  on  the  model  of  Refer¬ 
ence  6  results  in  gust-alleviation  factors  which  are  higher  than  those 
based  on  a  steady  aerodynamic  model  such  as  that  used  in  Reference  2. 

3.  Principal  parameters  influencing  the  gust-alleviation  factor  appear 
to  be  nondimens ional  blade  loading,  proximity  of  the  rotor  trim  point 
to  blade  stall,  rate  of  penetration  of  the  rotor  into  the  gust,  and 
blade  Lock  number.  Rotor  advance  ratio  and  rotor  system  type  general¬ 
ly  had  a  smaller  effect. 
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RECOMMENDATIONS 


1.  Experimental  studies  should  be  conducted  to  confirm  the  analytical  re¬ 
sults  obtained  in  this  investigation. 

2.  The  results  of  this  study  should  be  extended  to  evaluate  longer  term 
gust  response  effects,  including  ai  .-craft,  pilot,  and  stability  aug¬ 
mentation  system  variables. 

3.  A  method  for  modeling  the  velocities  induced  over  the  rotor  disc  by 
the  rotor  wake  should  be  developed  for  transient  operating  conditions. 

4.  There  appears  to  be  considerable  potential  for  developing  a  relatively 
simpler,  yet  more  accurate,  method  for  predicting  gust-induced  loads 
than  that  now  provided  by  MIL-S-8698  (ARG).  The  analysis  developed  in 
this  investigation  provides  an  ideal  model  against  which  the  validity 
of  various  simplifying  assumptions  can  be  evaluated.  Preliminary'  re¬ 
sults  in  this  study  have  indicated  when  possible  simplifications  might 
be  madf  (e.g.,  eliminate  fuselage  response  effects).  Further  studies 
should  be  made  to  confirm  the  generality  of  these  initial  results  and 
to  evolve  a  revised  procedure. 
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TABLE  I.  SUMMARY  OF  DATA  POINTS 


r — — — . . — — 

Case  No. 

Cz/o 

Standard  Blade 

u 

Y 

1 

0.06 

0.3 

10.0 

2 

0.06 

0.3 

13.0 

3 

0.06 

0.3 

7.0 

k 

0.09 

0.2 

10.0 

5 

0.06 

0.1» 

10.0 

6 

0.06 

0.5 

7.0 

7 

0.06 

0.5 

10.0 

8 

0.06 

0.5 

13.0 

9 

0.08 

0.3 

10.0 

10 

0.10 

0.3 

10.0 

11 

o.ofc 

0.5 

10.0 

Torsional  Stiffness  Reduced 

50  i 

12 

0.06 

0.3 

10.0 

13 

0.06 

0.5 

10.0 

l6 


TABLE  I  -Concluded  ! 

Case  No. 

Cz/o  u 

Y 

Flatwise  Stiffness  Reduced  50J5 

lU 

0.06  0.3 

10.0 

15 

0.06  0.5 

10.0 

Addition  of  Wing 

16 

0.06  0.3 

10.0 

17 

0.06  0.5 

10.0 

Ramp  Gust 

18 

0.06  0.5 

10.0 

Sharp-Edged  Gust 

19 


0.06 


0.5 


10.0 


TABLE  II.  BLADE  AND  ROTOR  STANDARD  PHYSICAL  PROPERTIES 


Flight  condition  sea  level  standard 

Airfoil  0012 

Tip  speed,  ft/sec  700 

Radius,  ft  25 

No.  of  blades  4 

Blade  chord,  ft  1.67 

Twist,  (linear)  deg  -8.0 

Young's  Modulus,  psi  10  7 

Seg.  Length/Radius  Mass,  slugs  I  Flatwise,  I  Chordwise,  ^/l07 

Y=13.0  y=10.0  y=7.0  in'*  in'?  lb-in? 

Articulated  Blade 


0.053** 

0.797 

1.036 

1.1*80 

79.00 

79-00 

61.60 

0.053** 

0.587 

0.751 

1.07h 

79.00 

63.00 

35.00 

0.053** 

0.236 

0.307 

0.1*39 

3.26 

36.00 

1*.1*5 

0.0833 

0.367 

0.h76 

0.681 

3.18 

3h.  50 

1*.30 

0.0833 

0.3**7 

0.h51 

0.61*5 

3.05 

32.80 

h.17 

0.0833 

0.336 

0.1*36 

0.623 

2.90 

31.00 

h.OO 

0.0833 

0.323 

0.1*19 

0.599 

2.80 

29.00 

3.85 

0.0667 

0.2**8 

0.322 

0.1*60 

2.70 

27.30 

3.70 

0.0667 

0.2**2 

0.311* 

0. 1*1*9 

2.60 

26.50 

3.60 

0.0667 

0.237 

0.309 

0. 1*1*1 

2.50 

26.00 

3.1*2 

0.0667 

0.225 

0.292 

0.1*17 

2.1*0 

25.00 

3.30 

0.0500 

0.163 

0.211 

0.302 

2.30 

2h.50 

3.15 

0.0500 

0.159 

0.206 

0.295 

2.20 

2h.00 

3.05 

0.0U33 

0.13h 

0.17h 

0.21*9 

2.15 

23.50 

2.95 

0.0565 

O.hOO 

0.519 

0 .71*1 

2.08 

23.00 

2.85 

First  station  begins  at  flapping  hinge  location,  e/R  =  .Oh. 
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TABLE  II  -  Concluded 


Seg.  Length/Radius  Mass,  slugs  I  Flatwise,  I  Chordwise,  GJ/l07 

Y*13.0  y'10.0  y=T.O  in*J  in'?  lb-in? 


Nonarticulated  and  Gimbaled  Blade 


o.oU 

0.287 

0.287 

0.287 

5.00 

158.0 

61.60 

0.1068 

1.500 

1.500 

1.500 

60.00 

ll+lt.O 

35.00 

0.0531* 

0.236 

0.307 

0.1*39 

3.26 

115.0 

1+.1+5 

0.0833 

0.367 

0.1*76 

0.681 

3.18 

90.0 

1+.30 

0.0833 

0.31*7 

0.1*51 

0.61*5 

3.05 

90.0 

U.17 

0.0833 

0.336 

0.1*36 

0.623 

2.90 

90.0 

U.00 

0.0833 

0.323 

0.1*19 

0.599 

2.80 

90.0 

3.85 

0.0667 

0.21*8 

0.322 

0.1*60 

2.70 

90.0 

3.70 

0.0667 

0 . 21+2 

0.311* 

0.1*  1*9 

2.60 

90.0 

3.60 

0.0667 

0.237 

0.309 

0. 1*1+1 

2.50 

90.0 

3.1*2 

0.0667 

0.225 

0.292 

0.1*17 

2.1*0 

90.0 

3.30 

0.0500 

0.163 

0.211 

0.302 

2.30 

90.0 

3.15 

0.0500 

0.159 

0.206 

0.295 

2.20 

90.0 

3.05 

0.01*33 

0.131* 

0.171* 

0.21*9 

2.15 

90.0 

2.95 

0.0565 

0.1*00 

0.519 

0.71*1 

2.08 

90.0 

2.85 

First  station  begins  at  center  of  rotation. 


Nonart i culated  and  Gimbaled  Blades  with  Reduced 
Torsional  or  Flatwise  Stiffness 

Same  values  as  above  except  that  torsion  GJ  (for  reduced  tcr- 
sional  stiffness)  or  flatwise  I  (for  reduced  flatwise  stiffness) 
is  reduced  by  50%  at  all  stations  except  station  one.  Station 
one  inertia  is  unchanged. 


TABLE  III.  BLADE  NATURAL  FREQUENCIES 
(CYCLES  PER  REVOLUTION) 


Lock  No. 
y  =  13.0 

Lock  No. 
y  =  10.0 

Lock  No. 
y  =  7.0 

ARTICULATED 

—  STANDARD 

STIFFNESS 

Rigid  Body  Flatwise 

1.03 

1.03 

1.03 

First  Bending  Flatwise 

2.70 

2.66 

2.6l 

Second  Bending  Flatwise 

5.30 

5.06 

B.81 

Third  Bending  Flatwise 

9.13 

8.50 

7.81 

Rigid  Body  Chordwise 

0.25 

0.25 

0.25 

First  Bending  Chordwise 

B .  00 

3.68 

3.33 

Second  Bending  Chordwise 

11.  BO 

10.20 

8.83 

First  Bending  Torsional 

5.72 

5.72 

5.72 

ARTICULATED  -  FLATWISE  STIFFNESS  PEDUCED  50 % 


Lock  No. 

Y  =  10.0 

Rigid  Body  Flatwise 

1.03 

First  Bending  Flatwise 

O 

-  •  >3 

Second  Bending  Flatwise 

B  .63 

Third  Bending  Flatwise 

7.32 

ARTICULATED  -  TORSIONAL  STIFFNESS  REDUCED  50% 


First  Bending  Torsional 


Lock  No. 
y  =  10.0 

B.58 


TABLE  III  - 

Continued 

J 

NONARTICULATED  -  STANDARD  STIFFNESS 

Lock  No. 

Lock  No. 

Lock  No. 

Y  =  13.0 

Y  =  10.0 

Y  =  7.0 

First  Bending  Flatwise 

1.12 

1.11 

1.09 

Second  Bending  Flatwise 

2.97 

2.87 

2.76 

Third  Bending  Flatwise 

5-71 

5.1*2 

5.10 

First  Bending  Chordwise 

1.1*6 

1.30 

1.12 

Second  Bending  Chordwise 

8.1*1 

7.1*7 

6.39 

First  Bending  Torsional 

5.66 

5.66 

5 .66 

NONARTICULATED 

-  FLATWISE 

STIFFNESS  REDUCED  50# 

Lock  No. 
y  =  10 .0 

First  Bending  Flatwise 

1.10 

Second  Bending  Flatwise 

2.76 

Third  Bending  Flatwise 

!*.97 

NONARTICULATED  - 

TORSIONAL 

STIFFNESS  REDUCED  50# 

Lock  No. 
Y  =  10.0 

First  Bending  Torsional 

l*.5l* 

GIMBALED  -  STANDARD  STIFFNESS 

Lock  No. 

Lock  No. 

Lock  No. 

Y  =  13.0 

Y  =  10.0 

Y  =  7.0 

Rigid  Body  Flatwise 

1.00 

1.00 

1.00 

First  Bending  Flatwise 

1.12 

1.11 

1.09 

Second  Bending  Flatwise 

2.57 

2.5l* 

2.52 

Third  Bending  Flatwise 

2.97 

2.87 

2.76 

TABLE  III  -  Concluded  ’ 

GIMBALED 

-  FLATWISE  STIFFNESS  REDUCED  50% 

Lock  No. 

Y  =  10.0 

Rigid  Body  Flatwise 

1.00 

First  Bending  Flatwise 

1.10 

Second  Bending  Flatwise 

2.1+8 

Third  Bending  Flatwise 

2.76 

For  chordwise  and  torsional  frequencies  see  nonarticulated  section. 
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TABLE  IV.  FUSELAGE  PHYSICAL  PROPERTIES 


Fuselage  station  data  reference,  in. 
Fuselage  station  main  rotor,  in. 
Fuselage  station  center  of  gravity,  in. 
Fuselage  station  tail  rotor,  in. 
Waterline  data  reference,  in. 
u?.terline  main  rotor,  in. 

Waterline  center  of  gravity,  in. 
Waterline  tail  rotor,  in. 

I  ,  slug-ft2 

iyy,  SlUg-ft2 

IZ2.  slug-ft2 
\z>  slug-ft2 


300.0 
300.0 
300.0 
667.0 
2U9.O 
29b.  0 
2b9.0 
298.5 
9500.0 
37500.0 

3U200. 0 
1500.0 


Gust-Alleviation  Factor  as  Allowed  by  Militar; 
Specification. 


SECONDARY  LOAD  PEAK 
RESULTING  FROM  INTERACTION 
OF  GUST  AND  AIRCRAFT- 


f 


W 

a; 


LI 

5 

h- 


aoiovj  avoi 


25 


Figure  2.  Schematic  of  Possible  Load  Factor  Time  Histori 
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imORMAL  BEN0IN3  MOMENT,  IN  -  LB 


GUST-ALLEVIATION  FACTOR.  A 


ROTOR  TYPE 

1 

ARTICULATED 

T 

- NONARTICUL  ATED 

v\ _ 

gimbaled 

.04  06 

ROTOR  THRUST 


4.0  6.0 

DISC 


Figure  9.  Effect  A'  Rotor  L 
Y  =  10.  a  =  0.085 

lb-sec^/ft^ 


GUST-ALLEVIATION  FACTOR, 
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Figure  JO.  Effect  of  Lock  Number  and  Advance  Patio  on 
Gust-Alleviation  Factor;  C^/c  =  0.0b, 

50  ft/sec  Sine-Squared  Gust. 
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GUST-ALLEVIATION  FACTOR 


.3  .4 


ADVANCE  RATIO  , 


Figure  12.  Effect  of  Reduced  Flatwise  Stiffness  on  Gust- 
Alleviation  Factor;  C^/h  =  0.06,  y  =  10.0,  50 
ft/sec  Sine-Squared  Gust. 


in 


ADVANCE  RATIO,  p 


Figure  13.  Effect  of  Reduced  Torsional  Stiffness  on  Gust- 
Alleviation  Factor  for  an  Articulated  Rotor; 
C^/o  -  0.06,  y  =  10.0,  50  ft/sec  Sine-Squared 
Gust . 
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STRESS  RATIO  =  MAX  VIE3  STRESS  /  STEADY -STATE  VIB  STRES 


co  e 
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Figure  i 


.3  .4  .5 


ADVANCE  RATIO  ,  p 


Effect  of  Advance  Ratio  and  Lock  Number  on  Stress 
Ratio;  C  /o  =  0.06,  50  ft/sec  Sine-Squared  Gust. 
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ADVANCE  RATIO,  fx 


Figure  15.  Effect  of  Advance  Ratio  and  Lock  Number  on  Push- 
rod  Load  Ratio;  C^/a  =  0.06,  Articulated  Rotor, 
50  ft /sec  Sine-Squared  Gust. 


38 


ai‘3oaod  nvoiiaaA  aoioa 


41 


28  000 


£  a:  £ 

^  uj  t 
O  »-  > 
a:  o.  < 

i-  _  o 

O  _J 
3  UJ  U. 

0X0 


an  ‘3oaod  ivouaaA  aoioa 


42 


gust-alleviation  factor, 


ROTOR  THRUST  COEFFICIE  NT/ SOLIDITY,  Cz /cr 


Figure  21. 


Summary  Tiot  of  Gust-Alleviatior.  Factor;  "  =  0.0 
Tip  Speed  =  700  ft/sec,  p  =  0.0 01-376  lb— ser^ /ft^ 
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